An AlInAs/GaInAs superlatticed resonant-tunneling transistor ͑SRTT͒ is fabricated and demonstrated. A five-period AlInAs/GaInAs superlattice is used to provide resonant tunneling ͑RT͒ and confinement of minority carriers. Experimentally, an interesting impulse-like multiple negative-differential-resistance ͑MNDR͒ phenomenon and transistor action are obtained for the studied SRTT device at room temperature. It is believed that the N-shaped MNDR results mainly from RT within the five-period AlInAs/GaInAs superlattice. © 1999 American Institute of Physics. ͓S0003-6951͑99͒01727-1͔
Over the past years, negative-differential-resistance ͑NDR͒ switches exhibited N-or S-shaped NDR characteristics which have been applied widely in high-speed analogto-digital ͑A/D͒ converters, parity bit generator, frequency multipliers, and multiple-valued logic circuits. [1] [2] [3] These advantages give these devices good potential for power generation, switching, and reducing circuit complexity. Switches with interesting NDR phenomenon based on p-n junction, bulk barrier, and metal-insulator-semiconductor ͑MIS͒ structures have been reported previously. [4] [5] [6] However, most of them are two-terminal-controlled devices. Recently, a InGaP/GaAs heterostructure-emitter bipolar transistor ͑HEBT͒ with an interesting three-terminal-controlled S-shaped multiple negative-differential resistance ͑MNDR͒ has been developed by Liu et al. 7 This behavior is caused by a sequential avalanche multiplication and a two-stage barrier lowering effect. Original and successful attempts were made in the early 1970's to observe the N-shaped NDR in quantum well device. 8 In addition, Tanoue, Mizuta, and Takahashi demonstrated a resonant tunneling diode with a significant two-terminal-controlled N-shaped NDR performance under an operating temperature between 180 and 230 K. 9 However, the observed low-temperature NDR phenomenon is a drawback for practical applications. In this letter, we demonstrate an impulse-like NDR device based on an AlInAs/GaInAs superlatticed resonant-tunneling transistor ͑SRTT͒. The layer structure of the studied device is similar to the conventional HEBT except that a five-period superlattice is employed to replace the wide band gap confinement layer. 7 Good transistor properties are maintained. In addition, owing to the RT through the superlattice regime, interesting two-terminal impulse-like and three-terminal controlled N-shaped NDR are observed at room temperature.
The structure of the studied AlInAs/GaInAs SRTT was grown by metal organic chemical vapor deposition ͑MOCVD͒ on a ͑100͒ oriented n ϩ -InP substrate. 17 cm Ϫ3 to reduce the series resistance and increase the tunneling current. After the epitaxial growth, the conventional photolithography, chemical wet etching, and vacuum evaporation techniques were used to fabricate the mesa-type devices. The ohmic contact metals were Au/Ge and AuZn for n-type emitter, collector, and the p-type base, respectively. The emitter area is 60ϫ60 m 2 and the collector-to-emitter area ratio is 10. The device cross section is depicted in Fig. 1 . The common-emitter currentvoltage (I -V) characteristics of the studied device were measured at room temperature by an HP-4156A precision semiconductor parameter analyzer.
The corresponding energy band diagrams of the studied SRTT at equilibrium and the onset of RT are depicted in APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 1 5 JULY 1999 and envelope function approximation are employed to analyze the transmissivity of the five-period superlattice structure. From the theoretical calculation, a quantized ground miniband E 1 ϭ123 meV and a first excited miniband E 2 ϭ440 meV are found in the strong coupled superlattice regime. The bandwidth of E 1 and E 2 are 14 and 100 meV, respectively. Figure 3 shows the typical base-emitter I -V characteristic with an open collector at room temperature. A double impulse-like NDR behavior is observed. The full wave half maxima ͑FWHM͒ of these impulses are 6.7 and 10 mV, respectively, as shown in the inset of Fig. 3 . The impulse performances are produced by the abrupt increase and decrease of conduction current at the onset of NDR phenomena. The impulse-like phenomenon was not found in the previously reported NDR device. 10, 11 Furthermore, the differential output conductances, g d ϭ‫ץ‬I/‫ץ‬V, at the onset of the first and second NDR are 400 and 1500 mS, respectively. These values are substantially higher than those of other previously reported N-shaped NDR devices. 10, 11 This interesting phenomenon is believed to be caused by the RT effect through the five-period superlattice regime and may be expressed as followed. At low value of V BE voltage, the applied V BE voltage is essentially across the EB p-n junction until the flatband condition is established. Within this regime, the current originating from the thermionic emission or RT effect is negligible due to larger barrier height and barrier thickness. Beyond the flat-band condition, the additional increase in V BE voltage will mostly fall across the superlattice region. At large value of V BE (V BE ϭ3.3 V), as depicted in Fig. 2͑b͒ , the Fermi-level E F at left hand side of the five-period superlattice structure aligns with the E 1 band within the superlattice. This will drastically increase the transmissivity and conduction current through the superlattice by RT action. When the applied V BE voltage is increased, the band structure near emitter side is elevated quickly. This will cause the misalignment between E F and E 1 . Hence a first quenching of RT through superlattice and the first impulse-like emitter current I E1 are found at V BE ϭ3.3 V. When V BE is further increased, a second impulse-like emitter current I E2 will be observed once the Fermi-level E F aligns with the E 2 band. Because the bandwidth of the E 2 is larger than E 1 , more carriers will easily tunnel through superlattice. So, the second impulselike current I E2 is larger than the first impulse-like current I E1 .
The measured common-emitter I -V output characteristics of the studied device at room temperature are shown in Fig. 4 . The control base current I B is supplied by 0.2 mA/ step. Significantly, the three-terminal controlled MNDR phenomena are observed at room temperature. At low values of I B (I B р0.6 mA), corresponding to the low value of V BE , the applied voltage between base and emitter is essentially across the EB junction. Within this region, the studied device performs as a conventional bipolar transistor. By increasing I B (V BE ) beyond the flat-band condition, I B у0.6 mA, an abrupt drop in collector current close to saturation is found. It is mainly due to the on and off resonance through miniband as mentioned earlier. It is worthy to notice that the room-temperature operation of SRTT is significant for practical applications. It means that the transistor amplification in the forward active regime and two-stable switching states in the saturation regime could be attained simultaneously without additional cooling systems. For example, a circuit with a 330 ⍀ load resistor in series with the proposed SRTT device, biased at I B ϭ1.0 mA with a 2.0 V supply voltage, has two stable operating points at Q 0 ͑0.53 V, 4.2 mA͒ and Q 1 ͑0.78 V, 3.6 mA͒. Because the E 2 level is close to the top surface of superlattice region, when the E F at emitter side is elevated up to the E 2 level, most of electrons will emit directly over the superlattice. Therefore, the effective tunneling current through the E 2 of the superlattice is relatively smaller than the thermionic emission current above the superlattice. So, the second NDR is not observed as shown in Fig. 4 .
In conclusion, we have demonstrated a three-terminalcontrolled InP-based SRTT device. The proposed SRTT not only exhibits a conventional transistor action but also presents an interesting three-terminal-controlled N-shaped MNDR performance and two-terminal impulse-like NDR at room temperature. The remarkable N-shaped MNDR performance results mainly from resonant tunneling through the five-period AlInAs/GaInAs superlattice region. With an adequate design of the structure parameters, e.g., the emitter thickness and base thickness, the studied device will be useful for high speed, logic, and high-density integrated circuit applications.
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